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MANUFACTURE OF FLAT SURFACED COMPOSITES COMPRISING 



POWDERED FILLERS IN A POLYMER MATRIX 



Background of the Invention 

[0001] Technical Field: The invention is concerned with methods for the manufacture of 
composite materials consisting of finely powdered filler in a polymer matrix, and new 
composite materials made by such methods. It is concerned particularly with methods for 
the manufacture of such composite materials having very flat surfaces suitable for the 
reception of electrical conductors, and with such flat surfaced products made by such 
methods. 

[0002] Background Art: The electronics industry is an example of one which makes 
substantial use of flat surfaced substrates as supports for electronic circuits, such 
substrates consisting of thin flat pieces produced to exacting specifications as to starting 
material and physical and electrical properties. The history of the industry shows the use of 
progressively higher operating frequencies and currently for frequencies up to about 800 
megahertz (MHz) copper coated circuit boards of glass fiber reinforced polymers, such as 
epoxies, cyanide esters, polytetrafluoroethylene (PTFE) and polyimides, have been and are 
still used. For frequencies above 800MHz the current materials of choice are certain 
ceramics formed by sintering suitable powdered inorganic materials, such as silica; 
alumina; aluminum nitride; boron nitride; barium titanate; barium titanate complexes such 
as Ba(Mgi /3 Ti2/3)02, Ba(Zr,Sn)Ti0 4l and BaTi0 3 doped with Sc 2 0 3 and rare earth oxides; 
alkoxide-derived SrZrC>3 and SrTi0 3 ; and pyrochlore structured Ba(Zr,Nb) oxides. 
Substrates have also been employed consisting of metal and semiconductor powders 
embedded in a glass or polymer matrix, a particular preferred family of polymers being 
those based on PTFE. 

[0003] For example, ceramic substrates that have been used for hybrid electronic circuit 
applications comprise square plates of 5cm (2in) sides, their production usually involving 
the preparation of a slurry of the finely powdered materials dispersed in a liquid vehicle, 
dewatering the slip to a stiff leathery mixture, making a "green" preform from the mixture, 
and then sintering the preform to become the final substrate plate. The substrates are 
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required to have high values of uniformity of thickness, grain size, grain structure and 
density, with the purpose of obtaining substantially uniform dielectric, thermal and chemical 
properties, and high values of surface flatness and surface finish to permit the uniform 
application to the surfaces of fine lines of conductive or resistive metals or inks. 

[0004] Such sintered products inherently contain a number of special and very 
characteristic types of flaws. A first consists of fine holes created by the entrainment of 
bubbles in the ceramic pre-casting slip of sizes in the range about 1-20 micrometers; these 
bubbles cannot be removed from the slip by known methods and cause residual porosity in 
the body. As an example, sintered alumina substrates may have as many as 800 residual 
bubble holes per sq/cm of surface (5,000 per sq/in). Another flaw is triple-point holes at the 
junctions of the ceramic particles when the substrate has been formed by roll-compacting of 
spray-dried powder; they are of similar size to the bubble holes and appear in similar 
numbers per sq/cm. Yet another consists of "knit-lines", which are webs or networks of 
seam lines of lower density formed at the contact areas between butting particles during 
cold pressing. Two other common flaws are caused by inclusions of foreign matter into the 
material during processing, and the enlarged grains caused by agglomeration of the 
particles despite their initial fine grinding. The usual inclusions are fine particles due to 
abrasive wear of the grinding media in the mills. Both inclusions and agglomerates will 
sinter in a matrix at a different rate from the remainder of the matrix and can result in flaws 
of much greater magnitude than the original inclusion or agglomerate. 

[0005] Costly mirror-finishing by diamond machining and lapping of these prior art ceramic 
surfaces is required to allow the accurate deposition of sputtered metal layers from which 
conductor lines are formed by etching. Mirror-finishes are required because the electrical 
currents at frequencies above 0.8 GHz move predominantly in the skin of a conductor line, 
while in the lower frequencies they occupy the entire cross-section. The thickness of the 
skin through which currents move at GHz frequencies becomes thinner as frequencies rise 
and are already as thin as 1 to 2 micrometers in copper at around 2 GHz. Any surface 
roughness of the conductors will therefore contribute to conductive losses. For example, at 
a frequency of 4GHz, the conductive loss at of the interface between conductor and 
substrate is 1.65 times higher with an RMS roughness of 40, compared to an RMS 



roughness of 5 (See P.42 of Materials and Processes for Microwave Hybrids, R. Brown, 
published 1989 by the International Society for Hybrid Microelectronics of Reston, Va.) 

[0006] There is therefore continuing interest in methods for manufacturing composite 
materials for the production of electronic substrates with which the major surfaces are as 
flat as possible, while sintering and its attendant difficulties, and the considerable costs of 
diamond machining and lapping are avoided. 

Disclosure of the Invention 

[0007] The principal object of the invention is therefore to provide new methods for 
manufacturing composite materials consisting of particles of finely powdered filler material 
bonded together in a matrix of polymer material, such new composite materials, and 
articles made from such composite materials, wherein such materials and articles can more 
readily be produced with surfaces of the flatness demanded by the electronics industry. 

[0008] It is another object to provide such new methods with which the resultant 
composite materials and articles comprise at least 60 percent by volume of filler material, 
with the remainder consisting of polymer matrix, wherein again such materials and articles 
can readily be produced with surfaces of the flatness demanded by the electronics industry. 

[0009] It is a further object to provide such new methods which are operable to produce 
composite materials and articles comprising at least 60 percent by volume of filler material, 
with the remainder consisting essentially of polymer matrix, wherein again the materials are 
produced in a form with which the surfaces intended for the reception of electric conductors 
and the like are inherently readily producible with surfaces of the flatness demanded by the 
electronics industry. 

[0010] In accordance with the invention there are provided methods for the manufacture 
of composites of finely powdered fillers in a polymer matrix comprising the steps of: 

forming a solution of the polymer in volatilizable solvent; 

mixing filler material particles with sufficient solution to form a suspension having 
therein the balance in volume percent of the polymer required for the composite; 

evaporating solvent from the suspension while subjecting it to high shear treatment 
so as to maintain high values of uniform distribution of filler particles in the solution, the 



evaporation being continued until a mixture is obtained consisting essentially of filler 
particles with the residual solution distributed substantially uniformly therein, the mixture 
being of consistency suitable for production of thin coherent layers; 

producing thin coherent layers from the mixture; 
continuing evaporation of solvent from the thin coherent layers until it has substantially 
entirely been removed; 

placing a stack of a plurality of the thin coherent layers in a mold in sufficient 
number to obtain a composite article of the desired thickness; and 

subjecting the stack of thin coherent layers to a temperature sufficient to melt the 
polymer material and to a pressure sufficient to unite the layers and to maintain the melted 
polymer material substantially uniformly dispersed in the interstices between the filler 
material particles. 

[001 1] Also in accordance with the invention there are provided articles consisting of 
bodies of composite materials comprising finely powdered filler material particles 
substantially uniformly distributed in a polymer matrix; 

wherein each body comprises a composite mixture of filler material particles and 
the balance polymer, the polymer being soluble in a volatizable solvent that has been 
volatilized from the mixture; 

wherein each body comprises a stack of a plurality of united thin coherent layers in 
number sufficient to provide a body of the desired thickness; and 

wherein the body has been formed from the stack of thin coherent layers by 
subjecting the stack to a temperature sufficient to melt the polymer and to a pressure 
sufficient to unite the layers and disperse the melted polymer into the interstices between 
the filler material particles to a high degree of uniformity. 

Brief Description of the Drawings 

[0012] Methods and apparatus for the production of the new composite materials, new 
composite materials, and articles made of such new composite materials, produced using 
such methods and apparatus, that are particular preferred embodiments of the invention, 
will now be described, by way of example, with reference to the accompanying 
diagrammatic drawings wherein: 
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[0013] Figure 1 is the first part of a block flow diagram of the specific method and 
apparatus for the manufacture of the composite materials and articles of the invention, 
particularly for the manufacture of flat rectangular copper clad substrates intended for use 
for electronic circuits; 

[0014] Figure 2 is side elevation of a mixer/solvent evaporation mill shown in outline in 
Figure 1; 

[0015] Figure 3 is a cross-section through the mill of Figure 2, taken on the line A-A 
therein; 

[0016] Figure 4 is another part of the block flow diagram, continuing from Figure 1 ; 

[0017] Figure 5 is a further part of the block flow diagram, continuing from Figure 4; and 

[0018] Figures 6 and 7 are respective part cross sections to a greatly enlarged scale 
through a small piece of a typical material of the invention in order to show the grain 
structure thereof, and showing respectively a layer of metal in position to be applied to a 
surface, and applied to the surface. 

Detailed Description of the Preferred Embodiments 

[0019] We have discovered new methods for the production of useful composite materials 
with high loadings of finely divided filler materials that are set out in detail in my applications 
Serial Nos. 09/345,813 and 09/802,037, the disclosures of which are incorporated herein by 
this reference, so that extended repetition thereof is not required. The products of the 
present invention do not inherently require such high filler loadings as are possible with the 
application of those methods, but it is sufficiently advantageous to employ the methods 
involved in their production that the present invention is described as making use of them. 

[0020] Briefly, the new methods for enabling high filler loadings require a complete 
reversal of approach from that which has previously been employed in the production of 
composite materials. A major problem in the prior art processes, and in the materials and 
substrates obtained thereby, is the progressive loss of mechanical strength that results as 
the filler solids content is increased, and hitherto attempts to incorporate more than about 
40 volume percent generally has resulted in composites which are so friable that they 



literally collapse to a heap of sand-like material if in testing they are stressed to the degree 
required in commercial practice. Moreover, it has been found difficult with prior art 
processes even to incorporate as much as 40 volume percent solids material, since as the 
material is added to the polymer the mixtures become so viscous that mixing to keep them 
uniform becomes virtually impossible. Consequently, the approach has of necessity been 
to incorporate only as much filler material as will result in a product of adequate mechanical 
strength, and to accept lower values for the desired other characteristics, such as the 
electrical characteristics, that result. 

[0021] The successful production of highly filled composite materials requires the solids 
content must instead be increased to values well beyond those of the conventional prior art. 
An acceptable minimum for these new composite materials is 60 volume percent. It has 
been found unexpectedly that the mechanical strength increases with increased solids 
content, instead of decreasing, up to the value of about 95-97 volume percent, beyond 
which value the proportion of polymer is reduced below the minimum required to maintain 
adequate adhesion between the polymer and the filler particles. A possible explanation for 
this unexpected result is that with the very thin polymer films that result, even if the chosen 
polymer is inherently not particularly mechanically strong, a successful composite will be 
produced if the polymer exhibits sufficient mechanical strength and also sufficiently high 
adhesion toward the filler material. Thus, in the new methods the polymers are employed 
in the form of very thin adherent layers interposed between the filler particles, and such 
layers can only be obtained with the methods of the invention and when the solids content 
is sufficiently high. It is difficult to specify with any degree of accuracy the optimum 
thicknesses for the polymer layers; it is known that layers of 1-3 micrometers can be very 
successful in giving superior adhesion with adequate strength, and a possible upper limit is 
40 micrometers (0.001 in). 

[0022] The highly loaded composite materials are made by dissolving the required portion 

by weight, or by volume, of the chosen polymer material in a solvent, which must be 

removably volatilization, in which it is sufficiently soluble that a flowable solution is obtained 

which can form a homogeneous mixture with the corresponding portion by weight or by 

volume of the chosen filler material, which should be of sufficiently small dimension, or 

equivalent spherical diameter, e.g. in the range 0.1 to 50 micrometers. By equivalent 
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spherical diameter is meant the diameter of a completely spherical particle having the same 
volume as the specified particle. Once such a homogeneous filler/solution mixture has 
been obtained the solvent is removed in a manner which does not destroy the homogeneity 
of the mixture, so that it can then be subjected to a temperature sufficient to melt the 
polymer material, e.g. in the range 280-400°C and to a pressure, e.g. in the range 3.5 to 
1,380MPa (500 to 200,000 psi), preferably 70 to 1,380MPa (10,000 to 200,00psi), sufficient 
to disperse the melted polymer material into the interstices between the particles of filler 
material. Very suitable filler materials are selected from the group comprising particles of 
inorganic material, particles of electromagnetic material, particles of a core of inorganic 
material covered with a layer of a metal oxide material, particles of metal material, particles 
of magnetic material, and particles of low dielectric constant high melting point polymer 
material, all of which particles may be hollow. 

[0023] The resultant heated and pressurized composite mixture may be formed into a 
sheet, film or tape by a thermoplastic extrusion process, onto a surface of which a layer of 
conductor forming metal, usually copper, may be applied, either by sputtering or by direct 
bonding of foil under heat and pressure in a vacuum. Alternatively, green "preform" bodies 
can be cut from sheet or tape before the heat and pressure step, and these green bodies 
converted to heated and pressed bodies by a thermoplastic compression process, again to 
a surface of which a layer of copper or other suitable conductive material for the formation 
of electrical conductors can be applied by sputtering or by direct bonding of foil under heat 
and pressure in a vacuum. The resultant bodies may comprise substrates for electronic 
circuits or enclosures for electronic circuits or devices, and when so employed must have 
surfaces that are as flat as possible so that the copper layer is also as flat as possible. The 
methods of the present invention facilitate the formation of sufficiently flat surfaces to which 
such metal layers are applied and also, by permitting an increase in the speed with which 
the volatilization can be completed, provide an overall increase in the speed of production. 

[0024] With microelectronic devices, and with the higher frequencies now employed, the 

problems of adequate uniformity of physical and chemical constitution and physical and 

electrical properties of the substrates have been exacerbated, and the simple mixing 

methods that have been used hitherto generally will not provide sufficient uniformity, 

especially during the unusually difficult step of removing the volatile solvent as rapidly as 
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possible without damaging or even destroying the homogeneity of the mixture while it is 
drying, and it usually becomes necessary to employ high shear mixing methods and 
apparatus, as described in detail below. 

[0025] Referring now to Figure 1 , the apparatus to be employed for this particular process 
permits a mixture of different filler materials to be used, thus providing the opportunity of 
specifically tailoring the mechanical and electrical characteristics of the resultant substrates 
for the end product. The polymer is added in the form of a solution thereof, usually of about 
5-40% concentration depending upon the solubility of the chosen polymer in the preferred 
solvent. The solution must be sufficiently fluid for the subsequent mixing with the filler 
material and should therefore be at least of "syrupy" consistency. The solvent that is 
chosen needs to be capable of economical and safe volatilization from the solution after 
mixing with the filler material. This solvent is also used as a liquid dispersion and 
suspension vehicle for the filler particles. With this apparatus separate preliminary mixtures 
are first formed of each of the finely powdered filler materials, usually inorganic materials, 
with respective portions of the polymer solution, the separate mixtures then being combined 
into one. The filler material or mixture of materials may be obtained respectively by 
precipitation or coprecipitation from solutions of suitable precursors, and however obtained 
should have the required physical and/or chemical characteristics, such as purity, dielectric 
constant, loss tangent, and particle size distribution. In this embodiment up to four different 
powdered materials can be fed from a delivery and metering system comprising a plurality 
of hoppers 10, 12, 14 and 16 respectively, while the polymer solution is fed from its hopper 
18, and suitable surface active functional additives, if required, such as surfactants, 
plasticizers and lubricants, are fed from a respective hopper 20. 

[0026] Each powdered material can be fed directly into the respective hopper 10, 12, 14, 
and 16, or alternatively obtained from respective precipitation or coprecipitation systems 22, 
24, or 26; a coprecipitation system for the contents of the hopper 16 is not shown. The flow 
of each filler powder from its hopper is continuously precision metered by a respective 
meter 28, that of the polymer solution is metered by meter 32, that of the surface active 
additives is metered by meter 34, and those of the combined polymer solution/filler or 
additive flows are metered by respective meters 36. Each preliminary mixture of polymer 



solution, powders and additives is delivered into a respective drum-type high shear 
mixer/grinding mill 38, described in more detail below. 

[0027] One of the aspects of the processes for the production of highly filled composites 
that also distinguishes them from prior art processes is that it is preferred to use low cost 
powders of a relatively wide range of particle sizes in order to obtain optimum packing 
together of the particles, and resultant minimization of the thickness of the interposed 
polymer layers, as contrasted with the highly uniform size, and consequently expensive, 
powders which are required, particularly for the production of fired ceramic substrates to 
achieve adequate uniformity of processing. Prior to the formation of each mixture the 
respective powder particles usually consist of particles of a range of sizes, together with 
agglomerates of many finer particles that inevitably form during storage, etc., and that can 
vary even more widely in size, and this must be corrected, particularly the reduction of the 
agglomerates back to their individual particles. Each high shear mixer/mill 38 operates to 
mix the components and produce complete dispersion of the powdered material in the 
liquid vehicle, and also as a grinding mill to mill the respective powder particles and 
agglomerates to a required size distribution to a obtain a required degree of uniformity, but 
with a distribution that will also result in a minimum pore volume when compacted. 

[0028] Since highly filled composites are to be produced the proportions of the powder 

and polymer solution from the hoppers are such as to obtain a solids content in the 

respective preliminary mixture in the range of 40-95% by volume, the quantities of the 

dispersing vehicle (the solvent in this example) being kept as low as possible, but sufficient 

for the consistency of the mixture to be kept to that of a relatively wet paste or slurry, to 

permit its high shear mixing and grinding while flowing sufficiently freely through the 

relatively narrow processing flow passages of the respective mill 38, and the subsequent 

machines. A viscosity in the range of about 100-10,000 centipoises will usually be 

satisfactory. Preferably such grinding, deagglomeration and dispersion of each preliminary 

mixture is carried out simultaneously in its respective mill 38, using for this purpose a 

special high shear mill which is the subject of my U.S. Patents Nos. 5,279,463, issued 18 

January, 1994, and 5,538,191, issued 23 July, 1996, the disclosures of which are 

incorporated herein by this reference. These special mills may be of two major types, in a 

first of which the mill has two circular coaxial plate members with a processing gap formed 
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between them; the axis of rotation can be vertical or horizontal. It is preferred however to 
use the second type of mill, which consists of an inner cylindrical member rotatable about a 
horizontal axis inside a stationary hollow outer cylindrical member. Such apparatus is 
capable of processing relatively thick slurries of sub-micrometer particles in minutes that 
otherwise can take several days in conventional high shear mixers and ball or sand mills. It 
should be understood that although mill 38 is preferably the special high shear mill as 
disclosed and/or claimed in the patents identified above, other types of high shear mills or 
mixing apparatus may be employed, a few examples of which are included in said patents 
(for example, see U.S. Patent No. 5,553,191 at column 2, lines 4-30 and column 5, lines 
18-34), provided that the proper operational and functional parameters discussed herein 
may be achieved by such other mills. 

[0029] The mixture of separate preliminary mixtures is formed into a slurry or wet paste 
having a high degree of uniformity by passing them together into a mixer/deagglomeration 
mill 40, in which the combined mixture is subjected to another high shear grinding, 
deagglomerating and dispersing operation. The mill 40 is again one of the above- 
mentioned special mills which are the subject of my Patents Nos. 5,279,463 and 5,538,191 , 
being also of the type comprising an inner cylindrical member rotatable inside a stationary 
hollow outer cylindrical member. Although only a single mill 40 is employed in this 
embodiment, in some processes it may be preferred to employ a chain of two or more such 
mills depending upon the amount and rate of grinding, deagglomeration and mixing that is 
required. 

[0030] The mixed and milled slurry passes from the mill 40 to a high shear mixer/solvent 

evaporation mill 42 (see Figures 2 and 3) which again is of the type comprising an inner 

cylindrical member 44 rotatable inside a stationary hollow outer cylindrical member 46, the 

paste being carried on the outer cylindrical surface of the member 44 in the form of a thin 

film 47. In this mill most of the solvent is removed while the paste is vigorously mixed 

under high shear conditions that continuously renews the outer surface to ensure that the 

thickening material remains homogeneous despite the progressive removal of the solvent, 

such removal requiring that solvent move from the body interior to its exterior surface from 

whence it can evaporate. Without such vigorous high shear mixing and constant outer 

surface renewal the mixture would rapidly become more and more inhomogeneous as the 
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solvent escapes from the outer surface. The paste thus becomes continuously thicker as it 
travels in a helical path from the feed entry point 48 of the mill to its discharge outlet 50 as 
more and more solvent is withdrawn through solvent discharge outlet 52, from which it 
passes to a condenser (not shown) for recovery and reuse. At some stage in the solvent 
removal the mixture may be regarded as having changed phase, so that it no longer 
comprises filler material uniformly distributed in solution, but instead comprises essentially 
filler material in which the remaining solution is substantially uniformly distributed. The 
evaporation of the solvent is facilitated by heat from a row of cartridge heaters 54 in the 
base of the machine, their output being such as to obtain a temperature in the mixture body 
of about 150°C. 

[0031] Near to the discharge outlet 50 the paste is of sufficient stiffness that it can be 
extruded in the form of a coherent thin tape 56 (or sheet or strip depending upon what is 
required for the final product) of the desired dimension in thickness and width using a 
conventional paste extruding machine 58. Since this tape still contains small amounts of 
solvent, and possibly some residual additives, it must be subjected to a further heating, 
drying process, at least until all of the solvent has been removed. In the processes of the 
invention the thickness of the tape, etc. exiting from the extruder is independent of the 
thickness of the final substrates, and is as thin as can be made while still remaining 
coherent in order to facilitate this stage of the evaporation, so that the speed of solvent 
removal can be maximized, correspondingly increasing the overall speed of production, 
without disturbing the high degree of uniformity in distribution of the particles in the polymer 
matrix. 

[0032] At this stage of the production there is no possibility of mixing and surface renewal 
to facilitate the escape of the volatilizing solvent, and instead it must escape via the much 
slower process of diffusion through the body of the tape. Such processes are not 
particularly temperature sensitive, and attempts to speed them by increasing the 
temperature to which the tape is subjected are limited by the possibility of overheating, and 
also by the extra cost of operating at such elevated temperatures. By making the tape as 
thin as possible while still remaining coherent the speed of drying is increased by a factor 
that far outweighs the fact that subsequently a substantial plurality of the strips must be 
stacked together, one on the other, to achieve the thickness required for the substrate. 
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Owing to this extreme thinness the solvent escapes easily and rapidly from the interior of 
the body through the two opposed larger surfaces without producing any substantial 
change in homogeneity of the ongoing tape. The strip can be so thin that while coherent it 
is necessary to support it as it exits from the extruder. At this time a preferred practical 
range of values for the thickness is from 0.0125mm (0.0005in) to 0.0375mm (0.001 5in), 
and it is preferred that the thickness should not be more than 0.1mm (0.004in), so as to 
ensure that this advantageous extremely fast drying process is maximized. The simplest 
equipment for this purpose is a tunnel dryer oven, and to this end the tape is deposited on 
an endless conveyor 60, which passes it through a drying oven 62, during which passage 
not only the solvent but as much as possible of the additives are removed to leave the strip 
or tape consisting only of a dry, thoroughly and generally uniformly dispersed composite 
mixture of the filler material and polymer. A suitable temperature for such an oven is, for 
example, in the range 150-250°C. 

[0033] The tape 56 of dried paste is passed through a cutting station 64, in which it is 
severed into individual "green" substrate preforms 66, usually of rectangular shape and of 
the size required for the electronic circuit board substrate, if that is the use for which the 
materials are intended. At this time a typical commercially feasible minimum thickness for 
electronic substrates is about 0.075mm (0.003in), the value chosen being determined by a 
number of factors including the frequency of operation of the circuit and the dielectric 
constant of the filler material. With the preferred current value for the thin strip the stack will 
need at least 6 preforms to form the final substrate, absent any loss in thickness during the 
heating and pressing operation. The range of number required for the stack will usually of 
the order of from 6 to 60. The stack is formed by deposition of the requisite number of 
performs manually or automatically into the cavity of a heated compression mold 
comprising heated upper and lower platens 68 and 70, the cavity being located in the lower 
heated platen 70 to facilitate the loading process. Once the stack is loaded the mold cavity 
is closed by the downward moving heated top platen 68 which protrudes into the cavity to 
compress the stack to its required dimensions and density. If desired a final volatilization 
and degassing can take place by applying a vacuum to the interior of the mold as and after 
it is closed. The temperature to which the stack is heated in the mold is sufficient to melt 
the polymer so that it will flow as freely as possible under the pressure applied to 
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completely fill the interstices, fuse the separate elements of the stack together into a unitary 
body, and coat the filler material particles, while the maximum is that at which the polymer 
will begin to degrade unacceptably. The minimum pressure to be employed is coupled with 
the choice of temperature, in that it must be sufficient for the melted polymer to flow as 
described, the pressure and time for which the mold is closed being sufficient for the 
material of the stack to attain maximum compaction and density. During the heat and 
pressure cycle the melted polymer will flow relatively freely and the temperature and 
pressure are maintained for a period sufficient to ensure that the polymer can completely fill 
the relatively small interstices between the solid particles in the form of correspondingly 
very thin coherent layers. Typically the temperature is in the range 280-400°C, while the 
pressure is in the range 70MPa to 1 ,380 MPa (10,150 to 200,000 psi), although a more 
commercially likely pressure is about 345MPa (50,000psi), while pressures as low as 
3.5MPa (500psi) may be usable. The surfaces of the platens that contact the preforms are 
mirror-finished or better to assist in obtaining the smooth surfaces that are desired for 
electronic substrates intended for microwave frequency applications. 

[0034] The maximum temperature that can be used is a positive barrier that cannot be 
overcome because of the damage that will be done to the polymer if it is exceeded. The 
maximum pressure that can be applied is limited principally by the size of the press that is 
available, and the strength of the material that can be used for the mold platens. Thus, if 
the pressure is increased too much it may be the mold parts that will begin to flow and 
distort, and not the mold insert. High pressure presses are expensive to purchase and to 
maintain, and tend to be slower in operation as their capacity increases because of the 
need to build up to the very high pressure that is employed. It has been found in practice 
that although it is possible to obtain with reasonable pressures the desired flow of the 
polymer into the interstices between the filler particles, it is more difficult to ensure 
adequate radial flows at the interfaces between the preform and platen surfaces, such flows 
being required so that the surfaces of the finished substrates will truly assume the flatness 
and mirror finish of the platen surfaces, and not be left with some residual unflatness. It is 
inherent with such heavily filled composites that the packing density across the boundary 
portions is unlikely to be uniform, and it is necessary to try to ensure that areas of high 
packing density do not, after the pressing operation, show up as excrescences from the 
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remainder of the surfaces. The use of a stack of a plurality of extremely thin coherent 
layers in place of a single insert facilitates such radial flows and ensures the conformation 
of the mold insert surfaces to those of the platens to the extent that smaller pressures can 
be used with correspondingly faster and more effective production. 

[0035] The resulting fused, multi-layered but unitary substrates 66 issuing from the press 
are fed to a multi-stand, heated, flattening roller mill 72 in which they are flattened while 
being rolled to an accurately controlled thickness that will maintain their molded thickness. 
The surfaces of these rolls are also mirror-finished, or better, again in order to maintain the 
smooth, flat surfaces that were obtained in the mold. Substrates intended for use in 
electronic circuits will usually be of thickness in the range 0.075mm to 1 .5mm (3-60 mil), 
and substrates of these dimensions will require from about 6 to 120 of the thinnest coherent 
layers in the corresponding stacks. If intended for thick film usage they usually are required 
to be smooth to about 0.75-0.90 micrometer (22-40 microns), while if intended for thin film 
usage must be flat to better than 0.05 micrometer (2 microns). The preforms are now fed to 
a heated laminating press 74 in which they are each laminated on one or both sides with a 
thin flat smooth piece 76 of the same size, of a conductive metal, usually copper, which 
subsequently is etched to produce the electric circuit. These sheet copper pieces are 
obtained by cutting from a strip 78 supplied from a roll thereof (not shown) which is cut into 
pieces at a cutting and mirror-finish surfacing station 80. The surfacing means comprises a 
hot press in which the cut pieces are pressed between a pair of heated platens, the platen 
surfaces being mirror-finished or better so that a corresponding finish is imparted to the 
surfaces of the pieces. The mirror-finishing of the substrate surfaces and those of the 
copper pieces is especially important in ultrahigh-frequency applications since, as 
described above, the currents tend to flow only in the surface layers of the conductors, and 
uniformity in characteristics of the etched conductors is facilitated by such smooth surfaces. 

[0036] The process and apparatus described above are particularly suited for high volume 

production of composite materials, but simpler processes requiring less apparatus are also 

within the scope of the invention. For example, as described above, it is also possible to 

mix together the finely divided filler material, the polymer, the solvent, and any necessary 

additives, and thereafter rely upon high shear processing in one or a series of high shear 

mixer/mills 38 and/or 40 to produce the required thorough dispersion, while at the same 
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time obtaining the preferred range of particle sizes, the dispersed mixture that is produced 
thereafter being passed to the mixer/solvent evaporator 42 , the paste extruder 58 or its 
functional equivalent, and the drying oven 46 etc., as with the prior process. 

[0037] Figures 6 and 7 are respective photo micrograph cross sections through a highly 
loaded material, respectively before and after the mirror finished piece 76 of copper sheet is 
attached to the mirror-finished surface of the substrate, the material consisting of closely 
packed particles 82 of the filler material, of irregular size and shape, coated and bound 
together by polymer material 84 that now exists as thin intervening films and interstice-filling 
masses. The heating and pressing operation will have so completely fused together the 
separate layers that they are no longer distinguishable as such. As an indication of the size 
of the particles, etc. involved the square section of Figure 6 measures 5 micrometers each 
side. The adhesiveness of the polymers of the invention are sufficient to ensure adequate 
bonding without the need for reinforcing fibers or fiber-cloth. 

[0038] As has been set out above, the selection of the polymer or polymer mixture for use 
in the methods and products of this invention depends, apart from the usual commercial 
considerations of cost and ready consistent availability, principally upon the availability of a 
correspondingly readily available solvent that can economically and safely be volatilized 
back out of the filler/solution mixture, and also upon the polymer or polymers exhibiting 
sufficient adhesion toward the finely divided filler material to be able to form a composite of 
the required minimum flexural strength of about 17 MegaPascals (2,500psi). There is 
usually no requirement for an upper limit to the flexural strength and values of 124.2Mpa 
(18,000psi) have already been obtained for silica/PAE composites and 144.2Mpa 
(20,900psi) for alumina/PAE composites. For example, many polymers are soluble in 
mineral oils, which are insufficiently volatile under the maximum heating conditions to which 
the mixtures can be subjected without serious degradation of the polymer mechanical 
properties. A very desirable filler material for electronic applications is boron nitride, but 
this is so difficult to bond to that it is commonly used as a mold release agent, and it is 
correspondingly difficult to find suitable polymer/solvent combinations for use with it. 

[0039] The relative proportions of the filler materials and of the polymer depend at least to 
some extent upon the use to which the substrate is to be put. If a very high frequency 
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circuit is to be installed then it will be preferred to have the maximum amount of filler 
dielectric material and the minimum amount of polymer. As has been described above, the 
minimum amount of polymer is set by that required to fill the intergrain interstices when the 
interstitial volume is at its minimum value, and to ensure sufficient coating of the grains for 
the resulting composite to have the required mechanical flexural strength. For this reason 
the composites usually require a minimum of 3% by volume of polymer to be present as 
long as the optimum particle packing of the filler material has been obtained, the remaining 
97% solids content comprising the filler dielectric material, residual surface active and 
coupling agents if any, and organic or inorganic reinforcing, strength-providing fibers and 
whiskers, when these are provided. Filler materials of relatively small particle size are 
preferred, the preferred particle size range being from 0.01 to 50 micrometers. As 
described above, the presence of particles of filler material of a range comprising different 
sizes is preferred, since this improves the capability of dense packing in a manner that 
reduces the interstitial volume, and consequently facilitates the production of the very thin 
highly adhesive layers that are characteristic of the invention, besides reducing the amount 
of polymer required to fill the interstices and adhere the particles together. It can be shown 
theoretically that the minimum interstitial volume that can be obtained when packing 
spheres of uniform size is about 45%. Owing to the wider particle size distribution that can 
be employed, this volume can be reduced considerably further, down to the specified value 
of about 3%. 

[0040] The methods of this invention are particularly applicable to the production of 
composite materials in which the finely powdered filler material consists of any one or a 
mixture of the "advanced" materials that are now used in industry for the production of fired 
ceramic substrates for electronic circuits, the most common of which are aluminium nitride; 
barium titanate; barium-neodymium titanate; barium copper tungstate; lead titanate; lead 
magnesium niobate; lead zinc niobate; lead iron niobate; lead iron tungstate; strontium 
titanate; zirconium tungstate; the chemical and/or physical equivalents of any of the 
foregoing; alumina; fused quartz; boron nitride; metal powders; and semiconductors. 
Another important group is compositions comprising powdered ferrites and like inductive 
materials in a polymer matrix have already been produced, used for example in magnetic 
passive products such as transformers, inductors and ferrite core devices, but the methods 
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used add the powdered filler material into the polymer matrix and their solids contents have 
generally been limited to not more than about 50% by volume. The invention permits the 
production of such composite materials of higher solids content, e.g. 80% by volume and 
above. 

[0041] While the specification describes particular embodiments of the present invention, 
those of ordinary skill can devise variations of the present invention without departing from 
the inventive concept. 
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